Background and PurposezzExternal counterpulsation (ECP) is a noninvasive method used to enhance cerebral perfusion by elevating the blood pressure in ischemic stroke. However, the response of the beat-to-beat blood pressure variability (BPV) in ischemic stroke patients during ECP remains unknown.
INTRODUCTION
Hypertension is the most-prevalent treatable risk factor for stroke, 1 and blood pressure (BP) reduction is effective in preventing stroke. 2 However, the clinical benefits of antihypertensive treatment in stroke prevention are not only related to lowering the BP, 3 but also to blood pressure variability (BPV). 4, 5 Stead et al. 6 found that wide fluctuations of BP in the first 3 hours after acute ischemic stroke were associated with an increased risk of death at 90 days in a cohort of 71 patients. Another previous study has shown that beat-to-beat BPV is increased after acute stroke compared with age-and sex-matched control subjects, and that high BPV is related to a poor outcome at 30 days after ischemic stroke. 7 Sykora et al. 8 also found that the fluctuation of beat-to-beat BPV played an important role in the outcome after JCN stroke. Therefore, controlling the BPV in patients following stroke may be an effective way to improve their prognosis.
External counterpulsation (ECP) is a noninvasive and wellestablished method for treating ischemic heart disease. [9] [10] [11] It involves applying electrocardiography-triggered diastolic pressure to the lower extremities by means of air-filled cuffs. This diastolic augmentation of the blood flow and the simultaneous decrease in the systolic afterload increases the blood flow to vital organs such as the heart, brain, and kidneys. 9, 12 Our pilot study showed that ECP is feasible for improving the clinical neurological deficit in ischemic stroke patients with largeartery disease. 13 We recently found that ECP may improve the cerebral perfusion and collateral blood supply in ischemic stroke by augmenting the BP and cerebral blood flow velocity (CBFV). 10 However, the effect of ECP on BPV in ischemic stroke remains unknown. The relationship between cerebral augmentation effects and BPV changes induced by ECP have also not been investigated previously. We therefore conducted this study in order to examine the effect of ECP on beatto-beat BPV and the correlation between the cerebral augmentation effects and beat-to-beat BPV changes induced by ECP in patients with recent ischemic stroke.
METHODS

Subjects
Patients with a good temporal acoustic window admitted within 14 days of stroke onset at Prince of Wales Hospital in Hong Kong between November 2007 and August 2011 were included in this study. Stroke was diagnosed according to the definition of the World Health Organization, and ischemia was confirmed by computed tomography or magnetic resonance imaging. All patients were examined by transcranial Doppler ultrasonography (TCD), duplex ultrasound, or magnetic resonance angiography. Intracranial or extracranial large-artery stenosis was diagnosed using standard protocols. 14, 15 All of the recruited patients presented with unilateral infarction. Patients with the following characteristics were excluded: evidence of cardioembolic stroke such as atrial fibrillation and rheumatic heart disease; evidence of hemorrhage on brain computed tomography; evidence of arteriovenous malformation, arteriovenous fistula, or aneurysm; history of intracerebral hemorrhage, brain tumor, or malignancy; sustained hypertension [systolic BP (SBP) >180 mm Hg or diastolic BP (DBP) >100 mm Hg]; severe symptomatic peripheral vascular disease; evidence of coexisting systemic diseases of renal failure (creatinine >300 μmol/L), cirrhosis, or thrombocytopenia (platelet count <100,000/mm 3 ); severe dementia or psychosis; or pregnancy. Fourteen volunteers aged ≥45 years without a history of cerebrovascular events or risk factors were recruited as healthy controls. Each healthy controls underwent TCD and carotid duplex ultrasonography to rule out large-artery stenosis disease.
ECP TCD Monitoring
ECP was performed using an enhanced ECP system (model number MC2, Vamed Medical Instrument Company, Foshan, China). The treatment pressure of ECP was 150 mm Hg. This ECP system includes three pairs of pneumonic cuffs that are applied to the calves, lower thighs, and upper thighs. The electrocardiograph triggers cuff inflation sequentially from the distal to proximal regions during diastole, and releases the cuff pressure before the start of systole. The standard duration of ECP is generally several weeks (5 daily 1-hour sessions each week for 7 weeks, giving a total of 35 sessions), based on empirical data from a study in China. 16 TCD monitoring of CBFV in bilateral middle cerebral arteries (MCA) was performed before, during, and after ECP using an ST3 TCD system (Spencer Technologies, Seattle, WA, USA). A 2-MHz pulsed Doppler probe insonated the MCA through the temporal window at a depth of 50-65 mm on each side. In order to ensure reliable values of CBFV during ECP despite the possible presence of movement artifacts, we first optimized the individual TCD signal by selecting an insonation depth of 50-65 mm. After optimizing the Doppler signal, the probes were attached to the skull at a fixed angle using an adjustable headband. The standard duration of ECP therapy is 35 hours (7 weeks), and since this study was focused investigating hemodynamic changes during ECP, we recorded the blood flow velocity in the MCA before and during ECP for 3 minutes each. Immediately after ECP treatment stopped, we recorded a further 3 minutes of MCA blood flow changes.
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Measurement of BPV
The beat-to-beat BP and respiration were recorded continuously (Task Force Monitor 3040i, CNSystems Medizintechnik, Graz, Austria) during the period of TCD monitoring. The BP was measured through finger cuffs on the index fingers and the middle fingers of the left hand, with a cuff of the appropriate size (small, medium, or large) chosen based on the hand size. The BP was measured in the supine position with the respiration at a target frequency of 15 cycles per minute to minimize bias due to differences in breathing patterns between individuals. The BP and respiratory signals were first edited automatically, then sampled digitally and transferred from the Task Force Monitor 3040i system to a computer for analysis of the beat-to-beat BPV using power spectral methods.
For spectral analysis, histograms of the SBP and DBP for sinus beats were computed and digitized at 10 samples per JCN second. Autoregressive modeling was used to construct frequency-domain spectrograms of the BPV. 17 The BPV included oscillations at very low frequency (VLF; <0.04 Hz), low frequency (LF; 0.04-0.15 Hz), and high frequency (HF; 0.15-0.40 Hz), and the total power spectral density (TP; <0.40 Hz) and LF/HF ratio 18 were calculated. Evidence is presented that myogenic vascular function, the renin-angiotensin system (RAS), and endothelium-derived nitric oxide all affect BPV at VLF, 18, 19 whereas the LF BPV has previously been demonstrated to reflect changes in sympathetic activity. 20 In addition, the HF BPV is mainly influenced by changes in cardiac output, and the LF/HF ratio has been validated as a marker of sympathetic vascular activity.
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Data analysis
The mean flow velocity in the MCA was automatically recorded by the TCD system as the mean value of the area under the envelope curve during a complete cardiac cycle. TCD data of stroke patients were analyzed based on the side ipsilateral to the infarct or on the contralateral side, while TCD data of healthy controls were analyzed based on the left or right cerebral side. The cerebral augmentation index (CAI) was used to evaluate the augmentation effect of ECP, which was calculated as the increase in the percentage mean flow velocity during ECP compared with baseline. Normally distributed continuous data are presented as mean±SD values, while category data are presented as number and percentage values. Differences between two groups were detected using the two-tailed Student's t-test or the nonparametric test as appropriate. All statistical analyses were performed with SPSS (version 19.0; SPSS Inc., Chicago, IL, USA). Differences with a probability value of p<0.05 were considered significant.
Ethical approval
This study was approved by the local medical ethics committee (Joint CUHK-NTEC Clinical Research Ethics Committee). Written informed consent was obtained from all study participants prior to enrollment.
RESULTS
Baseline characteristics
Forty-six patients with ischemic stroke (41 males; age 64.30± 11.07 years) and a good temporal acoustic window, and 14 healthy controls (6 males; age 59.36±2.24 years) agreed to undergo ECP TCD monitoring. All of the patients had a unilateral infarct in the anterior circulation territory. The sex distribution differed significantly between the two groups (p=0.001), and stroke patients were older than the healthy controls (p=0.006). All of the patients underwent measurements on the first session of ECP treatment, with a mean interval from the stroke onset of 4.91 days. The stroke patients had moderate neurological deficits, with a mean admission score of 6 on the National Institutes of Health Stroke Scale. The other baseline characteristics of the stroke patients are given in Table 1 . 
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Blood flow velocity changes on both sides
The MCA mean flow velocities of stroke patients increased markedly under ECP both on the side ipsilateral to the infarct and on the contralateral side compared with baseline (p<0.001). In contrast, the mean flow velocities in healthy controls did not differ between the right and left sides at baseline and during ECP (p=0.777). Therefore, the flow velocities of healthy controls on both sides were averaged. The mean flow velocities in healthy controls were not changed by ECP (p=0.147). The CAI of patients was 4.63% on the ipsilateral side and 4.3% on the contralateral side, which were significantly higher than the values for healthy controls (mean -0.94%; p=0.005 and p<0.001, respectively) ( Table 2 ).
BP changes
The SBP and DBP increased significantly during ECP compared with baseline in both stroke patients and healthy controls. After ECP, the SBP and DBP of stroke patients differed significantly from baseline, but only the SBP of healthy controls remained higher than baseline. The percentage increase in BP during ECP was comparable in stroke patients and healthy controls (Table 3) .
In both stroke patients and healthy controls, the BPV at VLF and LF and the total TP, and the diastolic BPV at HF decreased markedly during ECP compared with baseline in addition to LF/HF ratio. The decreases in diastolic and systolic BPV reached 37.56% and 23.20%, respectively, at VLF, 21.15% and 12.19% at LF, 8.76% and 16.59% at HF, and 31.92% and 23.62% for TP in stroke patients, which did not differ from the corresponding values in healthy controls. However, the systolic LF/HF ratio increased during ECP, reaching almost 20% in stroke patients as well as in healthy controls. After ECP, the BPV at VLF and LF and the TP and systolic BPV at HF in both groups remained lower than baseline. There were significant differences in the decrease after ECP from baseline in the diastolic BPV of LF (p=0.012), TP (p=0.031), and the systolic BPV of LF (p=0.002), HF (p< 0.001) and the TP (p=0.005) between the stroke patients and healthy controls (Table 4 and 5) .
Correlation between CAI and BPV changes during ECP from baseline
In the stroke patients, during ECP, the CAI on the ipsilateral side presented a borderline significant trend of a positive correlation with an HF diastolic change in BPV (r=0.283, p=0.057) (Fig. 1A) . The CAI on the contralateral side was positively correlated with systolic BP TP change (r=0.312, p=0.035) (Fig. 1B) . The CAI on the contralateral side showed a borderline significant trend of a negative correlation with the LF/HF SBP change (r=-0.281, p=0.059) (Fig. 1C) . In healthy controls, there was no significant correlation between CAI and any changes in the BPV parameters during ECP from baseline.
DISCUSSION
This study first found that ECP reduced the beat-to-beat BPV in stroke patients and healthy controls. The cerebro- : comparing between after ECP and baseline.
BPV: blood pressure variability, DBP: diastolic blood pressure, ECP: external counterpulsation, HF: high frequency, LF: low frequency, TP: total power spectral density, VLF: very low frequency. : comparing between after ECP and baseline.
BPV: blood pressure variability, ECP: external counterpulsation, HF: high frequency, LF: low frequency, SBP: systolic blood pressure, TP: total power spectral density, VLF: very low frequency.
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vascular reactivity in response to the ECP intervention stabilized within 1 minute. 8 Therefore, we performed open-label ECP treatment for 3 minutes and monitored real-time changes in cerebral blood flow in this study. ECP increased the mean MCA flow velocities on both cerebral sides in ischemic stroke patients, but it did not change the flow velocities in healthy controls, although BP was elevated, which is consistent with our previous studies. 10 In addition, the CAI on the ipsilateral and contralateral sides showed a borderline significant trend of a positive correlation with HF diastolic BPV changes and the TP of systolic BPV change during ECP from baseline, respectively.
ECP treatment usually takes 35 hours (in daily 1-hour sessions) and lasts for 7 weeks. The most-common adverse effects of ECP are pain in the legs and lower back, hematuria, and skin abrasion. The Multicenter Study of Enhanced External Counterpulsation (MUST-EECP) trial found that most patients tolerated ECP treatment well and were free from limiting side effects. 21 The potential risks of increasing BP during acute stroke may include intracerebral hemorrhage and aggravation of edema. Sustained severe hypertension in our exclusion criteria and real-time BP monitoring during ECP are helpful for reducing the risks of these hypertension-related events. All patients tolerated the ECP treatment well and were free of limiting side effects in our study.
The cerebral hemodynamic changes induced by ECP in our study might be partially attributable to the effect of ECP on the collateral circulation. We are aware of two main ways to enhance the collateral perfusion: 1) opening or expanding the existing vessels, and 2) forming new vessels. Several studies found that ECP could increase the arterial wall shear stress via different pathophysiological processes. 22, 23 Such changes in the release of shear-dependent vasomediators as well as augmentation of the arterial pressure may help to open the existing collateral channels, which is the simplest way to increase the collateral perfusion. On the other hand, an increase in shear stress induced by ECP may influence angiogenesis, which may in turn also improve the collateral perfusion. Further analysis of the acquired imaging data will require animal experiments, which may provide evidence for which cerebral collateral channel is more important during the ECP procedure in ischemic stroke patients.
The SBP and DBP increased significantly compared with baseline in both healthy controls and patients. These results are mostly consistent with previous investigations. Shimizu et al. 24 showed that ECP increases the venous return and cardiac output during ECP in addition to causing diastolic augmentation and systolic unloading. Meanwhile, our results further confirmed that ECP provides diastolic augmentation and systolic unloading through enhancing venous return by squeezing the venous system. 23 Fluctuations in the arterial pressure occur across diverse timescales, ranging from beat-to-beat to day-to-day variabilities. All of these variabilities are associated with a multitude of overlapping and interacting physiological processes. 25 To the best of our knowledge, beat-to-beat or minuteto-minute variability quantifies physiological mechanisms operating within this timescale, such as the cardiac cycle (e.g., approx. ≥1 Hz), respiratory frequency (e.g., HF, 0.15-0.4 Hz), sympathetic/baroreflex modulation (e.g., LF, 0.04-0.15 Hz), and myogenic activity (e.g., VLF, 0.004-0.04 Hz). 18, [26] [27] [28] [29] In our study, most of the beat-to-beat BPV parameters decreased during ECP in both healthy controls and ischemic stroke patients including the BP at VLF, LF, and HF, the TP of the DBP in the healthy controls, and the TP in the patients.
A complicated mechanism might underlie the decreased BPV induced by ECP. Kern et al. 30, 31 showed that ECP-induced increases in blood flow translate into enhanced endothelial shear stress, which represents a major stimulus for endothelial nitric oxide release and vasodilation. [32] [33] [34] Shear stress also modulates the release of endothelin-1, since sustained exposure of the endothelium to low levels of shear C JCN stress stimulates endothelin-1 release, whereas longer exposure to higher shear stress levels is associated with a reduction of endothelial endothelin-1 release. 34, 35 On the other hand, there is increasing evidence for rapid beat-to-beat oscillations of BP being attributable to the interplay of different cardiovascular control systems, including the baroreceptor reflex, the RAS, the vascular myogenic response, and the release of nitric oxide from the endothelium. 18 We speculate that the decreased beat-to-beat BPV induced by ECP is attributable to the enhancement of endothelial function and the release of nitric oxide.
The different components of BPV parameters could be controlled by different mechanisms, as illustrated above. Stauss 18 reported that BPV was lower in stroke-prone hypertensive rats than in stroke-resistant hypertensive rats, reflective of reduced cerebrovascular myogenic function that usually protects the brain from hemorrhagic stroke. Some investigations have suggested that LF variability influences the arterial pressure in acute orthostatic intolerance, which is associated with enhanced vasomotor activity mediated by variations in sympathetic activity. 18 BPV at HF is mainly influenced by changes in cardiac output. 36 This is consistent with the main mechanism of ECP being able to change the cardiac output to enhance the cerebral perfusion. ECP could affect neurohormonal systems to decrease BPV in stroke patients, and thus improve the clinical progress of stroke patients receiving ECP treatment.
We found that the CAI on both sides showed a borderline significant trend of a positive correlation with certain BPV parameters. The autonomic system is damaged in stroke patients, which leads to impaired arterial baroreflex function, changes in humoral factors, and changes in ventilatory parameters. 18, 37 Increased BPV is a marker of autonomic dysfunction. This might indicate that BPV is an important determinant affecting the cerebral blood flow and perfusion to the ischemic penumbra. 25 Our recent study demonstrated that the cerebral augmentation effect of ECP as measured by the CAI in ischemic stroke patients operates via the pathway of impaired cerebral autoregulation rather than by the well-established vasoreactivity to breath-holding. 38 The positive correlation may reflect the association between the autonomic dysfunction and impaired cerebral autoregulation that follows ischemic stroke. ECP could ameliorate impaired cerebral autoregulation by decreasing the beat-to-beat BPV in stroke patients.
This study was subject to several limitations. First, the sample was relatively small. Second, the differences in the age and sex distributions between healthy controls and stroke patients may have contributed to their distinct hemodynamic responses to ECP. However, we mainly observed changes in CAI and BPV within individuals in the two groups. In this study we recruited more male participants, because the prevalence of stroke in China is higher in men than in women, 39 and female subjects are more likely to have an insufficient bilateral temporal bone window for insonation due to the low density of the temporal bone. 40 Third, the beat-to-beat BPV during ECP was monitored for only 3 minutes instead of applying the standard 35 daily 1-hour ECP treatment sessions. The effect of applying more ECP sessions on the beat-tobeat BPV in ischemic stroke remains unknown; we intend to explore this point in further studies. Stronger evidence for an increased BP during ECP could be obtained if an aortic root arterial pressure line or a peripheral arterial pressure line is used. Our study focused on the hemodynamic effects of ECP on BPV, which is an important factor in the progression of stroke, and the functional outcomes of the ECP-treated patients were not considered. However, there is an ongoing randomized controlled trial at our center involving conventional medical treatments of stroke patients as controls to investigate the effects of ECP on ischemic stroke patients. The results for functional outcomes from that study will be more convincing. Lastly, the BPV was assessed using 3-minute beat-to-beat monitoring instead of hour-to-hour or dayto-day measurements; however, the beat-to-beat and day-today BPVs reportedly have similar physiological correlates. 41 In conclusion, ECP increases BP and the cerebral blood flow but decreases the beat-to-beat BPV in patients with ischemic stroke. ECP can ameliorate impaired cerebral autoregulation by decreasing the beat-to-beat BPV in stroke patients.
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